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Abstract: In a time of fiscal restraint and with environmental project funding in
decline there is an increased interest in revisiting past modeling studies and
improving upon legacy models rather than beginning the development process
again from scratch. This trend coincides with a significant increase in the computing
and analytical power of public domain and commercial GIS systems and the ability
to tackle new problems through the availability of code to support customized
applications. The paper describes GIS-based analytical tools developed to support
the calibration and application of integrated groundwater and surface water models
WESTSIM and C2VSIM (based on the IWFM code) and HydroGeoSphere (HGS)
that rely on information from previous published USGS models, of which CVHM is
the latest realization. These models are being used in water allocation planning by
the US Bureau of Reclamation and California Department of Water Resources to
simulate groundwater resource utilization, estimate the aquifer safe yield and to
simulate potential subsidence impacts of over-stressing regional aquifers. California
increasingly relies on its groundwater basins to supply municipal, industrial and
agricultural water supply to 37 million people. Four tools are described. The first is
an adaptive mesh refinement tool developed within ArcGIS as a means of
improving the ability of a finite element mesh to represent salient watershed
features such as streams, water district boundaries, well locations and geologic
faults. The tool is highly interactive allowing new realizations of the mesh to be
created on-the-fly so as to recognize important new watershed characteristics and
recognize these features in the mesh. The second tool is a robot that develops a
flow path on the landscape for surface water where no clear channel exists. The
robot, developed within ArcGIS, queries surrounding raster cells, within a defined
search radius, finding the most likely flow path and the natural drainage of the
region based only on elevation data. The third a procedure to assign aquifer
characteristics from existing calibrated groundwater flow models to the appropriate
WESTSIM, C2VSIM and HGS nodes using the same robotic scanning algorithm.
The fourth a metadata organizational tool called DataSpace for organizing GIS data
files into an information framework that makes intuitive sense to the analyst and
helps to improve analyst productivity.
Keywords: GIS-based modeling, mesh refinement, hydrologic routing, information
mapping
1

GIS-BASED MODELING TOOLBOX

1.1

Introduction

Geographic Information Systems (GIS) have moved beyond the making of map
overlays to becoming essential modelling tools for the visualization of model inputs
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of spatial information and for visualization of model outputs. Although some
advanced groundwater and surface water simulation models provide their own
native GIS functionality (which have the advantages of computational efficiency
compared to a full blown GIS) new functionality in full-featured software such as
ArcGIS have made it much easier to run models within a GIS. This connectivity with
a GIS has other advantages as will be discussed in this paper for addressing data
migration issues between models and for reusing legacy models that have been
updated with recent data or more profound understanding of the watershed
hydrology and characteristics that are the result of more extensive data synthesis
and analysis. In times of economic austerity reuse and enhancement of legacy
models can have the advantage of cost savings - since the conceptual phase of
model development and initial data acquisition can consume as much as 30% of
project resources. Past exposure to and familiarity with a legacy simulation model
can have advantages for stakeholder acceptance. Stakeholders may not
understand the technical details of models but will often confer legitimacy to a
model that has enjoyed long-term use.
This paper provides examples of four software tools that were developed to
streamline the development of three advanced surface groundwater simulation
models making full use of the resources of a GIS.
2

DESCRIPTION OF GIS-BASED MODELING TOOLS

2.1

GIS Based Mesh Generator

The advent of finite element models for water resources planning provided the
capability to increase model mesh nodal density around more important or dynamic
features in the model domain to improve the accuracy of simulations. This aspect
of finite element mesh configuration also allowed the model meshes to more
closely follow watershed features such as water district boundaries, rivers and
streams as well as recognizing the point locations of pumping wells. It is well
recognized that stakeholder acceptance and support for a modeling tool or decision
support system based on a simulation model can be enhanced when stakeholders
recognizes their property or area of interest within the model mesh.
The development of model meshes for water resources simulation models is
complex and can be very time consuming if done by hand. Mesh generators have
been developed to reduce the tedium and to produce mesh triangulation that meets
goals including (a) respect for segments that are formed as a union of triangulation
edges; (b) produces triangles that are “round” in shape since small angle triangles
degrade the quality of the numerical solution to the finite element problem. Various
mesh refinement algorithms have been developed including the Delauney
triangulation algorithm that refines the mesh by inserting vertices until the mesh
meets predefined constraints upon triangle quality and size.
A mesh generator that allows the mesh to be generated and refined entirely within
the GIS environment has many advantages. First the GIS feature classes that are
used as mesh constraints can be modified readily directly within the GIS. Second,
when the mesh is generated, it is immediately viewable against ancillary data (e.g
imagery). The IWFM Mesh Generator was developed using Visual Studio IDE tools
to interact with ArcGIS’s .NET architecture. A menu system allows for the setting of
parameters such as minimum triangle size and minimum angle. The interface then
performs GIS feature decomposition to a file format that the mesh generation
engine can understand (in this case PSLG). Triangle (Shewchuk; 1996, 2011) was
used as the mesh generation engine. The software is written in C which generates
meshes, Delaunay triangulations and Voronoi diagrams from 2-dimensional point
distributions (Bern and Eppstein, 1992; Cuilliere, 1988; Frey, 1987; Rebay, 1993).
In Triangle the mesh triangulation can be controlled to avoid overly small or large
angles. ArcGIS is used to generate the input files for Triangle which executes to
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produce output that is loaded into numeric arrays and visualized in ArcGIS’s
dynamic display cache. These arrays are used to create GIS features (lines and
points) that are fed to a special screen cache level for rapid screen display on the
ArcGIS canvas. When the desired mesh is realized, the mesh can be written to a
standard GIS database for further analysis.

Figure 1. The menu system used to facilitate GIS based mesh generation.

Figure 2. The final HydroGeoSphere (HGS) finite element mesh showing
appropriate refinement for water district and river tributary features.
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The IWFM Mesh Generator is a stand-alone software product and can be used to
support any number of finite element hydrologic models. In the current integrated
surface groundwater model applications of WESTSIM (Quinn and Faghih, 2008);
HGS (Thierren et al. 2007) and C2VSIM (Brush et al., 2007) the mesh generator
was tasked to refine the mesh sufficiently to (a) trace the tortuosity of three major
tributaries to the San Joaquin River; (b) approximate water district boundaries; and
(c) create nodes at the locations of major water-district owned groundwater
production wells. The minimum area and radius of influence are parameters that
can be defined within the mesh generator’s graphical user interface (Figure 1) to
select an appropriate level of refinement from visual inspection of the result on the
screen. The skill of the modeler takes over at this point – expertly balancing the
computational overhead of a highly refined mesh against the fulfillment of model
mesh refinement objectives. The end result for the HGS model is shown in Figure 2
– showing close approximation to both the tributary flow-path and the water district
boundaries.
2.2

Surface Drainage and Stream Flow Path Routing Robot

In geographic regions such as San Joaquin Basin, California – a mostly flat
agriculturally dominated region of almost 1 million hectares – surface return flow
can be difficult to define because of the high density of irrigation canals and
drainage ditches and the tendency for farmers to fill and cultivate old ephemeral
stream beds. Surface and groundwater simulation models typically require that
each surface water node and underlying groundwater node in the watershed be
associated with a corresponding stream node (either the main stem of the San
Joaquin River or a major stream tributary to the River). In tiled drained regions
groundwater nodes representing tile drainage sumps deliver subsurface drainage to
the network of surface drains. A small percentage of watershed surface nodes
have the flow paths to their outlets in either the River or major tributary streams
defined by established drainage conveyances. For the remainder – software was
developed within ArcGIS to scan each model surface water node within the
watershed and through use of a looping algorithm determine a reasonable flow path
for the surface return flow to the streams. Although the watershed is dissected with
many canals and ditches an assumption was made that flow was unimpeded along
this flow path – since no other rational flow path could be discerned visually. Two
raster datasets were involved in this drainage flow path routing procedure - the first
being a digital elevation model, and the second a raster depiction of the stream
network.
The algorithm starts with a non-stream node (Figure 3) and ‘walks’ down the
elevation model at steepest decent until it finds a stream node. The algorithm was
as follows:
(a) Move to a non-stream node.
(b) Find its elevation and sample the elevation model cells about the node to
find the cell of steepest decent.
(c) Test the streams raster to see if we have reached a stream.
(d) If a stream is reached, find the closest model node and assign it’s ID to an
attribute in the non-stream node
(e) If a stream node is not reached, go to (b).
This process was repeated until all non-stream nodes were assigned a stream
(river or river tributary) node that they would naturally flow into. The model stream
characteristic file that was initially developed using this approach (Figure 3) was
subsequently modified after it was determined that truncation of the west-side
ephemeral streams, although physically accurate, caused problems with routing of
the stream flow and with convergence of the groundwater model. Hence, each of
the ephemeral stream reaches was extended to intersect the San Joaquin River,
creating a more complete stream network. These extended reaches were assigned
high streambed hydraulic conductivity to encourage the percolate into the
groundwater, rather than contributing any significant amount of surface water to the
San Joaquin River.
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Figure 3. WESTSIM model disaggregation showing use of Euclidean point
distance processing to define drainage flow paths to the San Joaquin River
and tributary streams. The white line is the flow path from the non-stream
node (green) to the stream node it finds on the stream.
2.3

Model Updating Using Nearest-Node Data Mapping

Data mapping is the process of data sharing between two models that cover the
same geographic area but with different mesh configurations. The basic technique
is a core function of any GIS – which is to drape one model mesh over another and
to acquire nodal data for one model from the most proximal node of the other. With
nodal arrays of greater than 10,000 points in some of the more refined surface and
groundwater simulation models – this can no longer be done effectively by hand
and requires automation. Automated techniques have been applied for several
applications for several of the modeling applications shown in Figure 5. For surface
and groundwater simulation models such as WESTSIM, C2VSIM and HGS and the
base model used to populate create initial aquifer characteristic files were recent
realizations of the USGS Regional Aquifer System Analysis (RASA) model (CVHM,
ModGRASS, Belitz, USGS Modesto model).
In the current application geologic data from a very detailed EarthVision model was
obtained as an ASCII point cube. The goal was to extract points representing the
geologic tops of the defined units for assignment to the nearest CVHM and C2VSIM
model mesh nodes. This was accomplished using a combination of ArcGIS and
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HGS

Figure 4. C2VSIM nodes (green) were assigned geologic top elevation values
based upon the nearest data points in the EarthVision cube. Inset shows the
robot’s use of a search radius to select a nearest node for data assignment.
Excel procedures. The EarthVision point cube (with some 17 million records) was
imported into ArcGIS as a z-enabled point feature class. The top level points were
extracted to create a “flat” point layer (i.e., no stacked points). A NEAR function
was performed in ArcGIS to determine the point location nearest the CVHM and
C2VSIM nodes. CVHM is a block-centered finite difference mesh with aquifer
properties defined at the centroid of each block whereas C2VSIM is a finite element
mesh with aquifer properties assigned to element vertices. By definition, points do
not have a geographic extent, so the point location was buffered by 50 meters and
used to select the entire corresponding 3-D geologic point stack. Since the
geographic extent of the CVHM model was much larger than that of the points,
nodes for the CVHM grid were clipped to include only those geographically
coincident with the 3-D geologic points. The NEAR function was performed to
determine the distance from the model node to the nearest geologic point. A series
of tables were created for each geologic unit and exported to Excel. Spreadsheets
were created for the points comprising each geologic formation top. These top
elevations were assigned to nodes within the CVHM and C2VSIM model meshes.
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A similar process was also performed to assign information from production wells in
the region from a dataset provided by a collaborating water district to the nearest
HydroGeosphere (HGS) and WESTSIM nodes.

2.4 DataSpace – Personalized GIS Data Management
This software is a data organization tool that is developed for use in ArcGIS, and is
being used in a number of Federal and State agencies in California to manage GIS
information. What is unique about DataSpace is that it doesn’t actually manage
data. DataSpace manages objects that represent the data in a windows “treeviewlike” structure (similar to Microsoft Windows Explorer). For example, an object in
DataSpace knows where to find the data, but it’s name and organization with the
treeview structure is independent of where it resides. An analogy to this is
Windows Explorer itself - it presents a folder/file hierarchical structure to the user,
and allows them re-arrange it, but that is not how it is stored on disk. This allows
modelers to organize their GIS (and other) data in ways that are meaningful to
them. This is an important feature, especially for casual users of GIS, who rely on
their own internal organizational preferences and information association processes
to be efficient.

Figure 5. Information for a regional California Delta surface water hydrodynamic
model organized using DataSpace.
DISCUSSION AND SUMMARY
There is a trend of increasing integration of surface and groundwater simulation
models with commercial GIS software. This trend recognizes the significant
dependency these models have on spatial data – visualization of these spatial data
is best accomplished with the aid of a GIS. There are other productivity benefits of
GIS integration – examples of these has been the topic of this paper. A longer term
goal is the complete elimination of model-specific data files – all model data would
eventually reside within a common geodatabase with each model providing its own
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template for model input and output. To achieve this goal will require a concerted
effort to develop common data frameworks and to resolve ontological issues with
data and parameter naming conventions between models.
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